A mass coral spawning event on the Heron Island reef flat in 2005 provided a unique opportunity to examine the response of a coral reef ecosystem to a large episodic nutrient addition. A post-major spawning phytoplankton bloom resulted in only a small drawdown of dissolved inorganic phosphorus (DIP minimum 5 0.37 mmol L 21 ), compared with almost complete removal of dissolved inorganic nitrogen (DIN) (minimum NO
Mass coral spawning or smaller-scale multispecific coral spawning events have been observed on coral reefs around the world (Harrison et al. 1984; Hayashibara et al. 1993; Hagman et al. 1998 ). In the central Great Barrier Reef (GBR) (Australia) mass spawning typically occurs on the third to sixth night after a full moon in October to December (Harrison and Wallace 1990) . Synchronous multispecies coral spawning releases a large volume of eggs (1 3 10 6 m 22 ) and sperm to the water column over a short period of time (Harrison and Wallace 1990) . Large slicks of coral spawn products can form on the water surface and beaches of coral reef lagoons. Some of these eggs and sperm, which have a high lipid content (Arai et al. 1993) , can be trapped within the coral reef lagoon (Wolanski et al. 1989; Simpson et al. 1993) , resulting in a large episodic input of labile carbon (and associated nitrogen and phosphorus) to the coral reef ecosystem. For example, an estimated 310,000 kg of C and 18,000 kg of N were released from coral eggs alone (sperm not included) during a coral spawning event at the Heron Island reef in 2001 (Wild et al. 2004 ). As such, a coral spawning event represents a unique opportunity to examine the response of a coral reef ecosystem to a large episodic nutrient addition.
Despite the potential for this large input of labile carbon to modify coral reef biogeochemistry and pelagic and benthic food webs, little work on the effects of coral spawning on the energy and nutrient cycles of coral reef ecosystems has been undertaken. Wild et al. (2004) measured a 2.5-fold increase in sediment oxygen demand after a spawning event on Heron Island in the GBR, reflecting an input of labile carbon and subsequent decomposition in permeable coral reef lagoon sediments. Similarly, Simpson et al. (1993) recorded a dramatic decrease in water column dissolved oxygen on Ningaloo Reef after mass coral spawning, resulting in mass mortality of fish and other reef animals due to the respiratory demand of the coral spawn. Glud et al. (2008) found that nutrients released after coral spawning not only stimulated the heterotrophic communities but also the autotrophic communities with 4.0-and 2.5-factor increases in pelagic and benthic production, respectively. Several studies have also found a direct transfer of coral spawning products to higher trophic levels via grazing by ophiuroids, zooplankton, and reef fish (Westneat and Resing 1988; Baird et al. 2001; Pratchett et al. 2001) .
The tropical waters surrounding coral reefs are mostly devoid of macronutrients, giving rise to the paradigm that primary production on coral reefs is typically nutrient limited. Numerous studies have found a N-limited response in benthic communities (Dizon and Yap 1999; Heil et al. 2004) , and water column N : P ratios are typically ,16 (Furnas et al. 1990; Charpy 2001) , suggesting short-term N limitation of coral reef ecosystems. In addition, biogeochemical process in coral reef sediments such as denitrification have also been shown to increase after N additions (Koop et al. 2001) . Some of the short-term N limitation of benthic communities (e.g., benthic microalgae) may be driven by the large sediment pool of P (Entsch et al. 1983; Suzumura et al. 2002) . In the longer term, however, coral reef ecosystems may ultimately be P limited because N can be replenished via N fixation, which has been shown to increase after P additions (Koop et al. 2001 ).
As such, we expect to see differences in the way N and P will be cycled via both the stimulated benthic and pelagic heterotrophic and autotrophic communities after the large nutrient addition associated with coral spawning. This natural whole ecosystem-scale nutrient addition experiment should provide unique insight into N versus P limitation of coral reef ecosystems, and how the system processes a large pulse of nutrients that is not obtainable using smaller-scale experimental work.
To assess the effects of coral spawning on N and P cycling in a coral reef ecosystem we measured diurnal changes in water column N and P, light and dark benthic N and P fluxes, and denitrification immediately before and daily for 7 d after coral spawning on a Heron Island reef flat, Australia. Measurements of anammox, N fixation, N deposition rates, and sediment solid-phase N and P concentrations were also performed before and after coral spawning.
Materials and methods
Study site-All sampling was undertaken at one site in the middle of a Heron Island reef flat between 18 and 28 November 2005. Heron Island is at the southern end of the GBR about 70 km off the coast of Gladstone, Australia. The reef flat is a mosaic of different coral species and coarse carbonate sands. Overall 48% of the reef flat at Heron Island consists of sand. The findings from this study would be applicable to other parts of the Heron Island reef system because 85% of the lagoon and 85% of the lagoon edge also contain sand (Roelfsema et al. 2002) . During the study period the water depth at the study site varied between about 300 mm and 1,800 mm, with many of the corals exposed to air at low tide. Sediment porosity ranged from 0.57 6 0. 02 (vol : vol) at the surface to 0.52 6 0. 02 (vol : vol) at 10 cm depth and sediment permeability ranged from 6.0 6 0.7 3 10 211 m 22 (0 to 0.5 cm depth) to 1.6 6 0.6 3 10 211 m 22 (5 to 10 cm depth) (Glud et al. 2008 ).
Water column sampling-Water column sampling was undertaken over 10 consecutive days from 18 to 27 November 2005. On each day samples were collected at 05:00 h (dawn), 13:00 h (midday), and 18:00 h (dusk) from the middle of the well-mixed water column in two 1-liter acid-washed and sample-rinsed polyethylene containers and transported to the laboratory within 10 min. In the laboratory 20 mL of sample were immediately filtered through a 0.45-mm cellulose acetate membrane filter (Sartorius) into two acid-washed and sample-rinsed 10-mL polyethylene vials. An unfiltered sample was collected in an acid-washed and sample-rinsed 10-mL polyethylene vial for total nutrient analysis. All nutrient samples were immediately frozen at 220uC. Details of the nutrient analysis are given in Eyre (2000) . The day after major coral spawning, a sample of the spawn slick was collected from the water surface near the study site in two 70-mL acidwashed and sample-rinsed polyethylene containers and immediately frozen at 220uC.
Benthic incubations-Benthic incubations were undertaken over 9 consecutive days from 20 to 28 November 2005. At 18:00 h on each day duplicate round benthic chambers with an internal diameter (i.d.) of 190 mm and a height of 330 mm (Huettel and Gust 1992) were inserted into the carbonate sands between outcrops of coral to retain a water column height of 190 to 240 mm and left uncapped for 3 h to equilibrate. The chambers were stirred at 40 revolutions per minute (rpm) to induce advective flow through the permeable carbonate sands. On the eighth day one of the 40-rpm chambers was stirred at 80 rpm, while another was stirred in diffusive mode (i.e., alternating stirring direction with no steady partial pressure gradient; Cook et al. 2006) , giving a gradient of advective flow (diffusive, 40 rpm, 80 rpm). On the basis of the initial sediment permeability, temperature, and salinity the stirring rates of 40 and 80 rpm would have induced sediment percolation rates of approximately 43 and 213 L m 22 d 21 respectively (Glud et al. 2008) . Each of the nine benthic incubations was undertaken over a full diel cycle. The first samples from the chambers were collected at 21:00 h; the chambers were then capped, and subsequent samples were collected at 02:00 h, 05:00 h (dawn), 10:00 h, and 17:00 h (dusk). N 2 : Ar samples were only collected at nighttime as the formation of bubbles during daytime confounded any gas samples. At 18:00 h the chambers were then moved within a 500 m 2 area and again left uncapped for 3 h to equilibrate before restarting the sampling cycle. Oxygen concentrations within the closed chambers closely followed the water column concentrations (Glud et al. 2008 ). On each sampling occasion two 50-mL presoaked (in site water) plastic syringes of water were collected from each chamber, and as a sample was withdrawn an equal amount was replaced from the bottom water. Within 10 min of sampling, 20 mL of sample were transferred to a polyethylene vial for dissolved oxygen measurements, and 20 mL of sample were immediately filtered through a 0.45-mm cellulose acetate membrane filter (Sartorius) into two 10-mL acid-and sample-rinsed polyethylene vials. To minimize the introduction of bubbles, N 2 : Ar samples were collected in triplicate 7-mL gas-tight glass vials with glass stoppers by adding a piece of gas-tight tubing to the syringe and filling from the bottom of the vial until it overflowed. All nutrient samples were immediately frozen at 220uC. N 2 : Ar samples were poisoned with 20 mL of 5% HgCl 2 and stored submerged at ambient temperature. Details of the nutrient and N 2 : Ar analysis are given in Eyre et al. (2002) and Eyre and Ferguson (2005) . Dissolved oxygen measurements were undertaken using a HACK LDO HQ-10 and checked against Winkler titrations (see Glud et al. 2008) . The oxygen and dissolved inorganic carbon data are presented elsewhere (Glud et al. 2008 ).
Benthic flux calculations-Fluxes across the sedimentwater interface were calculated by linear regression of the concentration data, corrected for the addition of replacement water, as a function of incubation time, core water volume, and surface area. Dark flux rates were calculated using concentration data from 21:00 h to 05:00 h and light flux rates were calculated using concentration data from 05:00 h to 17:00 h. .00 g (610 mg) of sediment were added to 12 exetainers from each depth for N fixation measurements and 16 exetainers for each depth for anammox measurements. The N-fixation exetainers were filled with 10% acetylene-saturated filtered site water and the anammox exetainers were filled with filtered site water and both sets of exetainers were then bubbled with N 2 for 5 min to remove oxygen. Four anammox series were established by adding 50 mL of 10 mmol L 21 15 NH 4 , 50 mL of 10 mmol L 21 15 NH 4 + 50 mL of 10 mmol L 21 15 NO 3 , 50 mL of 10 mmol L 21 15 NO 3 + 50 mL of 10 mmol L 21 NH 4 , and 50 mL of 10 mmol L 21 15 NO 3 each to four of the anammox exetainers. All exetainers were incubated in the dark at in situ temperature and 200 mL of 50% ZnCl 2 was added to triplicate N fixation and one of each anammox series at approximately 6.5, 11.5, 16, and 24 h after the incubations were started to establish a time series (Rysgaard et al. 2004) . 14 N 15 N and 15 N 15 N enrichment was analyzed on a gas chromatograph coupled to a triple-collector isotopic ratio mass spectrometer (Rysgaard-Petersen and Rysgaard 1995) and relative anammox rates were calculated as described by Thamdrup and Dalsgaard (2002) .
Analysis of ethylene concentrations was undertaken by withdrawing a 100-mL gas sample from the 5-mL gas headspace of the exetainer and analyzed using a Hewlett Packard 6890 gas chromatograph with a GS ''Gaspro'' column (30 m 3 0.53 i.d.) and flame ionization detector. Ethylene concentrations were corrected using standards produced from serial dilution of analytical-grade ethylene. Ethylene concentration change as a function of time (linear regression) was then used to calculate the rates of ethylene production per gram of sediment. A conversion ratio of 4 : 1 was used to convert ethylene concentrations to N 2 (Capone 1993) .
Solid-phase sediment-Triplicate 50-mm cores of sediment (150-mm depth) were collected daily from 23 to 29 November 2005 at the same location as the benthic incubations. The cores were subsampled at three depth intervals (0-1 cm, 4-5 cm, 6-7 cm) with the sediment placed into a 70-mL acid-washed and sample-rinsed polyethylene container and immediately frozen at 220uC. Inorganic carbon was removed by HCl fuming and organic carbon and nitrogen were analyzed by high-temperature combustion on Thermo Flash EA 1112. The bioavailable fraction of P (Colwell-P) was extracted by taking a 0.3-g sample of sediment or spawning material and mixing it with 30 mL of 0.5 mol L 21 NaHCO 3 adjusted to pH 8.5 with NaOH for 16 h at 25uC, then centrifuging and removing the supernatant (Birch et al. 1999 ). All P analyses of extracts were carried out colorimetrically after 1 : 10 dilutions. Standards were made in the same matrix as the extractant. Total phosphorus was extracted by digesting a 0.4-g sample of dried (60uC) sediment or spawning material in 2.5 mL of concentrated nitric acid and 7.5 mL of concentrated HCl for 1 h at 120uC. The volume was then made up to 25 mL with Milli-Q water and analyzed by inductively coupled plasma-optical emission spectrometry to determine the concentration of P.
Results
Coral spawning and associated observations-Minor coral spawning occurred on the night of 20 November with approximately 30% of the Montipora digitata releasing eggs. Major coral spawning occurred on the following night (21 November) with approximately three-quarters of observed Acropora millepora releasing eggs. The following day (22 November) there was a slight smell of decomposing spawning material (eggs, sperm) but no visible slicks on the water surface. Many massive corals (e.g., by Platygyra daedalea) spawned on the night of 22 November. By day 2 post-major spawning (23 November), large quantities of spawning material was visible on the water surface (Glud et al. 2008 ) and suspended in the water column, which dramatically reduced visibility. By day 3 post-major spawning (24 November) most of the visible slick of spawning material on the water surface was gone, but the water column was still turbid with decomposing spawning material. The spawning material induced benthic and pelagic microalgal blooms (Glud et al. 2008 ).
Water column-The coral spawning material had a C content of 50.8 6 4.2 mmol g 21 , a N content of 2.5 6 0.4 mmol g 21 , and a P content of 0.16 6 ,0.01 mmol g 21 , giving a molar C : N : P ratio of approximately 316 : 16 : 1. Total nitrogen (TN) concentrations in the water column ranged from 6.00 to 18.45 mmol L 21 over the study period ( Fig. 1) . Most of the TN consisted of dissolved organic nitrogen (DON) (average 71%) and particulate nitrogen (PN) (average 20%). Ammonium (NH z 4 ), nitrate (NO { 3 ), and nitrite (NO { 2 ) concentrations were mostly below 0.60, 0.40, and 0.20 mmol L 21 respectively, and combined (dissolved inorganic nitrogen, DIN) only made up a small proportion of the TN (average 9%). Dusk and dawn TN concentrations increased from the start of the study period through the prespawning period to a maximum immediately before minor spawning (Fig. 1 ). DIN and DON concentrations generally decreased postspawning, with the midday samples approaching the detection limit, and then increased toward the end of the study period. PN concentrations were highly variable and showed no distinct pattern.
Total phosphorus (TP) concentrations ranged from 1.20 to 1.75 mmol L 21 and mostly consisted of dissolved organic phosphorus (DOP) (average 59%) (Fig. 2) . Dissolved inorganic phosphorus (DIP) concentrations ranged from 0.35 to 0.49 mmol L 21 and on average made up 31% of the TP (Fig. 1 ). Particulate phosphorus (PP) was only a small fraction of the TP (average 10%). TP and PP concentrations remained fairly constant over the study period, except for midday increases 2 to 6 d post-major spawning. In contrast, DIP and DOP concentrations were quite variable, but showed much smaller changes than DIN and DON and never approached the detection limit. DIP concentrations generally increased from the start of the study period through the prespawning period to a maximum post-minor spawning and then decreased immediately post-major spawning before increasing slightly toward the end of the study period. DOP concentrations showed the opposite trend, decreasing from the start of the study through the prespawning period and then increased post-minor spawning and remained fairly constant to the end of the study period. The increase in DIP post-minor spawning was less than the increase in DIN and hence DIN : DIP ratios also increased (Fig. 2) . Similarly, the decrease in DIN 3 d postmajor spawning was greater than the decrease in DIP and hence the DIN : DIP ratio dropped below 1 at midday.
Benthic fluxes (40 rpm)-With the exception of dark NH z 4 fluxes switching from a prespawn uptake to an immediate (1 d) post-major spawning efflux (Fig. 3) , the changes in NO , and as such, made up on average 39% of the total net benthic dissolved nitrogen flux (Fig. 3) . They also showed significant (p , 0.5) changes over the study period. progressed from a prespawning efflux of 21 mmol m 22 h 21 to an uptake of 2297 mmol m 22 h 21 over the study period. Net DON uptakes decreased immediately post-major spawning, and remained lower for 5 d before returning to a similar uptake to prespawning by the end of the study period.
Dark N 2 fluxes were generally the largest of the N fluxes, making up on average 54% of the total net benthic dissolved N flux (on the basis of dark N 2 fluxes only) (Fig. 3) . They also showed a significant (p , 0.05) change over the study period. Dark N 2 fluxes changed little from pre-to immediately (1 d) post-major spawning, but then increased rapidly, peaking 4 d post-major spawning at 240 mmol m 22 h 21 . The increase in N 2 efflux on day 4 post-major spawning corresponds to an increase in the dark efflux of NO { 3 , suggesting an increase in coupled nitrification-denitrification. The large N 2 efflux on day 5 post-major spawning corresponded to an increase in the uptake of both dark NO { 3 and NH z 4 , suggesting that both coupled nitrification-denitrification and denitrification of water column NO { 3 was occurring. By day 6 post-major spawning N 2 effluxes had decreased to the smallest rate of the study (18 mmol m 22 h 21 ). There was no dark N 2 flux data for the last day of the study.
Except for dark DIP and the light DOP fluxes, the P fluxes showed no distinct changes over the study period (Fig. 3) . Dark DIP uptakes decreased immediately postminor spawning and remained lower for 5 d before increasing to a rate similar to the prespawning rate at the end of the study period. Light DOP fluxes switched from an almost zero (20.06 mmol m 22 h 21 ) prespawning flux to an uptake of 22.34 mmol m 22 h 21 immediately (1 d) postmajor spawning. By day 2 post-major spawning light DOP fluxes had switched to an efflux, which increased to 1.97 mmol m 22 h 21 by day 3 post-major spawning. Light DOP fluxes then switched back to an uptake of 20.41 mmol m 22 h 21 by day 4 post-major spawning and decreased to a rate similar to the prespawning rate (20.15 mmol m 22 h 21 ) at the end of the study period. Overall the changes in the P fluxes were much smaller than the changes in the DON and N 2 fluxes.
Stirring gradient effects on benthic fluxes-Dark NO { 3 fluxes showed an increasing uptake with increasing advective flow (Fig. 4) . In contrast, light fluxes showed a decreasing uptake with increasing advective flow and net fluxes showed no change (Fig. 3) . Dark NH z 4 fluxes switched from an efflux to an uptake as the pore-water flushing increased, although not proportionally to the change in advective flow rate. These switches from an efflux to an uptake corresponded to an increase in benthic O 2 consumption with increasing advective flow (Glud et al. 2008) . DIP fluxes showed no consistent change with changing advective flow rate. In contrast, light and net NH z 4 fluxes switched from an uptake to an efflux with a proportional increase with the increase in advective flow rate. This switch from an uptake to an efflux and proportional increase with advective flow also corresponds to an increase in benthic production with increasing advective flow (Glud et al. 2008 ). DON and DOP fluxes mostly showed a proportional change with changes in advective flow, but the direction of change varied between incubations and light and dark. The proportional decrease in net DON and DOP uptake with increasing advective flow also corresponded to an increase in benthic production with increasing advective flow (Glud et al. 2008) . Dark N 2 fluxes consistently changed from a diffusive uptake to an increasing efflux as the advective flow increased. Total sediment P showed no significant (p 5 0.05) change with depth, or over the study period, and averaged about 7.9 mmol g 21 P (Fig. 5) , which is similar to the concentrations reported for other coral reef sediments (e.g., Entsch et al. 1983; Erftemeijer and Middelburg 1993; Suzumura et al. 2002) and nearshore sediments in the GBR (Eyre 1993) . In contrast, bioavailable sediment P concentrations in the 0-to 1-cm and 4-to 5-cm depths showed a significant (p 5 0.05) decrease from 1 d post-major spawning to the end of the study (Fig. 5) . We have no prespawning sediment P data, but the decreasing concentrations post-major spawning suggest that the deposition of spawning material resulted in an increase in bioavailable P concentrations in the top of the sediment profile, which subsequently decreased over the study period. At the 6-to 7-cm depth bioavailable P reached a maximum concentration on day 2 post-major spawning, suggesting that it took a day for the spawning material to percolate to the lower layers. The input of bioavailable P to the sediments is best illustrated by its percentage contribution to total P, which decreased from 15% to 10% at 0-to 1-cm depths and from 18% to 10% at 4-to 5-cm depths over the study period. Previous estimates of the percentage contribution of bioavailable P to total P in coral reef sediments have ranged from 1% to 32% depending on the strength of the extractant used to extract P (e.g., Entsch et al. 1983; Erftemeijer and Middelburg 1993; Suzumura et al. 2002) .
Discussion
Water column-An increase in nutrient availability after mass spawning induced a fourfold increase in pelagic production 1 d post-major spawning (Glud et al. 2008) , but this was not clearly reflected in the nutrient concentration data, which only showed small changes. Although the concentration changes were only small, they occurred against a background of large advective tidal flow across the reef, suggesting that the processes driving these changes were significant. Similar episodic increases in phytoplankton production and biomass due to nutrient enrichment after a cyclone has been seen in barrier and fringing reefs in French Polynesia (Delesalle et al. 1993) . Small prokaryotes that typically dominate phytoplankton biomass in the GBR lagoon are able to begin bloom formation ,1 d after episodic increases in DIN of as little as 0.1 mmol L 21 (Furnas et al. 2005) .
The phytoplankton bloom resulted in the almost complete removal of NO (0.11 mmol L 21 ) 3 d post-major spawning, but only a small drawdown of DIP, suggesting that N is potentially limiting to pelagic primary production on the timescale of this study (days). Pelagic productivity rates had already decreased by this stage (Glud et al. 2008) , suggesting that phytoplankton production had become nutrient limited. From 1 to 5 d post-major spawning both midday DIN and DON were negatively correlated with PN (r 2 5 0.61 and r 2 5 0.69 respectively; not significant at p 5 0.05), and both DIP (r 2 5 0.50; p , 0.01; all data) and DOP (r 2 5 0.51; p , 0.05; 13:00 h data only) were significantly correlated with water column oxygen concentrations, suggesting that both forms of N and P were utilized in the production of biomass. This highlights the importance of DON and DOP in tropical coral reef environments that are low in inorganic N and P. Pelagic productivity had returned to prespawning rates by day 6 post-major spawning, which is reflected in an increase in DIN and DON as the bloom collapsed and nutrients were recycled to the water column (Fig. 1) . This tropical coral reef lagoon boom-bust sequence due to episodic inputs of nutrients from coral spawning is similar to the boom-bust sequence in tropical estuaries associated with episodic inputs of nutrients from floods (Eyre and Ferguson 2006) .
Effect of coral spawning on benthic fluxes-Coral spawning material is rapidly incorporated into the sediments of coral reef lagoons either directly via sedimentation (advective-driven percolation) (Wild et al. 2004; Glud et al. 2008) or indirectly via the deposition of phytodetritus from phytoplankton and benthic microalgae (BMA) stimulated by nutrient release associated with spawning (Glud et al. 2008 ) and deposition of fecal pellets from fish and zooplankton that feed on spawning material (Westneat and Resing 1988; Baird et al. 2001; Pratchett et al. 2001 ). This input of labile carbon after the spawning event we studied resulted in a twofold increase in benthic O 2 consumption and the release of N associated with the decomposition of spawning material and phytodetritus in the sediments also stimulated a 2.5-fold increase in net benthic primary production (Glud et al. 2008 ). These changes in benthic respiration and production associated r Fig. 3 . Benthic nitrogen and phosphorus fluxes at 40 rpm over the study period (mean 6 SD; n 5 2). Dotted line, minor spawning; dashed line, major spawning. with coral spawning significantly modified the cycling of N in the sediments, but only resulted in small changes to the cycling of P in the sediments. Although the rates and pathways of benthic N and P cycling processes were modified after coral spawning, most had return to prespawning conditions by the end of the study period, illustrating the rapid processing of the nutrient pulse by the microbial communities.
Benthic heterotrophic metabolism and nutrient cyclingBenthic metabolism and N cycling was primarily driven by the quantity and quality of organic matter (OM) deposition over the study period. The sequence of pelagic events (source of OM), the dark O 2 and N benthic flux stoichiometry, and the deposition rates and C : N ratios of sediment trap material (Wild et al. 2008 ) together suggest three distinct OM depositional events: (1) prespawning and 6 d or more post-major spawning (subsequently referred to as prespawning), (2) 1 to 3 d post-major spawning, and (3) 4 to 5 d post-major spawning. The input of organic material 1 to 5 d post-major spawning also corresponded to the decrease in the net uptake of DON ( Fig. 2 ; see Discussion below). A mixture of coral mucus with a C : N ratio of around 12 (Wild et al. 2005) , turf algal detritus with a C : N ratio of around 8 (Hansen et al. 1992) , and BMA detritus (Hansen et al. 1992) were the most likely sources of OM to the reef lagoon sediments before coral spawning. This is consistent with the prespawning sediment trap material C : N ratio of 10.5 and the low N deposition rates ( Fig. 6 ; Wild et al. 2008 ). The high benthic flux remineralization ratios (.40) during these periods (Fig. 7) suggest that some of the mineralized N was not returned to the water column (see Eyre and Ferguson 2005 for discussion) . The decreased remineralization ratios of around 32 as seen 1 to 3 d post-major spawning (Fig. 7) , the increased N deposition rates, and the sediment trap material C : N ratio 14.4 to 17.2 most likely reflect the deposition and decomposition of large quantities of coral eggs and sperm, which had a molar C : N ratio of 20.3. Low benthic flux remineralization ratios of around 10, as seen on days 4 and 5 post-major spawning, are indicative of the benthic decomposition of N-rich OM such as phytoplankton detritus (Fig. 7 ). This coincides with elevated water column chlorophyll a concentrations (phytoplankton biomass) and a second smaller peak in phytoplankton and BMA production (Glud et al. 2008 ), a rapid increase in N deposition rates, and a decrease in the C : N ratio of material in the sediment trap. The larger peak in primary production 1 day post-major spawning probably resulted in little deposition of phytodetritus because of high grazing in the water column as reflected in the low water column biomass (Glud et al. 2008 ). Much of the N from the phytodetritus was denitrified via coupled nitrificationdenitrification as shown by the high dark N 2 efflux and dark nitrate efflux on day 4 post-major spawning (Fig. 2) . Remineralization ratios were slightly higher than expected for the likely sources of OM being decomposed (i.e., 10 . Redfield [6.6]; 32 . 16 to 21), also suggesting that some, albeit a smaller proportion, of the remineralized N was not returned to the water column. Alternatively, there may have been some mineralization in the water column before deposition in the sediments, or there was some high C : N There was a weak negative relationship between dark DON fluxes and the C : N ratio of remineralized material (r 2 5 0.56; not significant, p 5 0.05; Fig. 8A ). The dark DON efflux at low remineralized C : N ratios is probably the hydrolysis product of fresh phytodetritus (Burdige and Zheng 1998; Eyre and Feguson 2005) . Alternatively, the dark DON efflux at low (and mid-) remineralized C : N ratios occurred around maximum benthic productivity (Glud et al. 2008) , suggesting that the DON may have been released via nighttime grazing of BMA (Eyre and Ferguson 2002) . The dark DON uptakes at higher remineralized C : N ratios may be due to assimilation by heterotrophic bacteria. This demand would decrease when low C : N material is decomposed and when more water column N is available. Dark DON and NH z 4 fluxes were negatively correlated post-major spawning (r 2 5 0.55; not significant, p 5 0.05) with the increased dark uptake of NH z 4 driven by higher concentrations in the water column, particularly at night when the incubation water was enclosed. Recent 15 N tracer experiments in the sediments of a subtropical estuary demonstrated that the microbial community uses both urea and amino acids (labile DON) as well as NO { 3 and NH z 4 as N sources (Veuger et al. 2007) . Other studies have shown that heterotrophic marine bacteria can assimilate urea (Jahns 1992) , mangrove bacteria can assimilate dissolved free amino acids (Stanley et al. 1987) , and DON is an energy source for benthic respiration, particularly by sulfate reducers (Guldberg et al. 2002) . In tropical coral reef environments where there is very little freely available DIN, labile DON is probably the major N source for heterotrophic bacteria and the associated DOC may be an additional source of labile carbon for benthic metabolism (Eyre and Ferguson 2005) . Benthic DON fluxes were generally an order of magnitude greater than DIN fluxes. The dark DON flux versus remineralized C : N ratio relationship is similar to the net DON flux versus remineralized C : N ratio relationship observed in the sediments of the subtropical Brunswick Estuary (Eyre and Ferguson 2005) , but the slope is much steeper, with a large uptake of DON for a given remineralized C : N ratio.
Water column DIN concentrations and dark benthic DIN fluxes in the coral reef lagoon were around an order of magnitude lower than in the subtropical Brunswick Estuary (Eyre and Ferguson 2005) . The high demand for DON most likely reflects the combination of the high bacterial productivity and growth rates seen in coral reef benthos (Alongi 1994 ) and the low availability of DIN.
Before spawning, adsorption of water column P onto calcium carbonate in the sediments (e.g., coral fragments) probably contributed to the DIP uptake. With the exception of immediately (1 d) post-minor and post-major spawning, dark DIP uptakes over the study period were strongly negatively related to benthic respiration rates (r 2 5 0.96; p , 0.01). The increased decomposition of OM after coral spawning would have produced carbon dioxide and acids, which in turn may have dissolved some of the calcium carbonate, resulting in less adsorption of P. However, we have no pH data as evidence of these processes occurring. Immediately (1 d) post-minor and post-major spawning there was also a decrease in DIP uptake, but little increase in respiration rates (Glud et al. 2008) , suggesting that the decreases in dark DIP uptake were probably due to more P available in the pore water from the decomposition of P-rich OM spawn material (162 6 6 mmol g 21 ) relative to the calcium carbonate adsorption sites. Consistent with this was the increase in sediment bioavailable P and the efflux of DOP 1 d post-major spawning (the largest P efflux over the study period); mineralization of DOP would be a source of DIP. The slight effect of coral spawning on benthic P fluxes decreased by day 6 post-major spawning, but still had not returned to prespawning conditions by the end of the study period.
Benthic autotrophic metabolism and nutrient cyclingBenthic production exerted a strong influence on the benthic cycling of N over the study period, but little influence on the cycling of P. The largest N flux in the light was an uptake of DON, most likely due to assimilation by BMA. Several studies in temperate systems have demonstrated that BMA use the various components of DON as a N source (Admiraal et al. 1987; Nilsson and Sundback 1996; Linares 2005) . Similar to phytoplankton and heterotrophic bacteria in tropical coral reef environments where there is very little freely available DIN (see above discussion), labile DON is probably also the major N source for BMA. For example, light and net NH z 4 and NO { 3 fluxes were unrelated to net benthic production (both r 2 , 0.01; not significant; p 5 0.05). However, BMA appeared to have quickly switched to other N sources when it became available post-major coral spawning as illustrated by the decrease in net DON uptake as benthic production increased (r 2 5 0.78; p , 0.01; Fig. 9A ). Both the increase in benthic production and the decreasing importance of DON as a N source were probably driven by the higher availability of pore-water N (NH z 4 ?) sourced from OM decomposition post-major spawning. The increase in pore-water N is illustrated immediately postmajor spawning when there was a dark efflux of NH z 4 (Fig. 2) . This rapid increase in benthic production when more N became available reflects strong N limitation, which has also been shown for BMA in coral reef sediments (Dizon and Yap 1999; Heil et al. 2004; Clavier et al. 2005) . However, despite these numerous previous studies of the interaction between BMA and N in coral reef sediments (e.g., Dizon and Yap 1999; Heil et al. 2004; Clavier et al. 2005) , only one other study has considered DON as a N source (Boucher and Clavier 1990 ); Boucher and Clavier (1990) also found an uptake of DON by the benthos (bacteria and BMA) in sandy sediments.
Several previous studies of euphotic sediments in subtropical and warm temperate coastal systems have shown the sediment production : respiration (p : r) ratio to be a good predictor of net benthic N fluxes (e.g., Ferguson 2002, 2005) . N is generally assimilated as the sediment p : r increases (more autotrophic) and released as the sediment p : r decreases (more heterotrophic), with zero flux at the p : r that corresponds to maximum competition between the autotrophs, chemoautotrophs, and heterotrophs. In contrast, sediment p : r was not as good a predictor of the DON + DIN flux (r 2 5 0.65; p , 0.01; Fig. 9B ) as net benthic productivity (r 2 5 0.82; p , 0.01; Figure 9C ), and the relationship was the opposite of previous studies because the uptake and release of DON + DIN was mostly controlled by the availability of porewater N. As more pore-water N became available from the decomposition of coral spawning material and associated phytodetritus, benthic productivity increased more rapidly than O 2 consumption (i.e., increasing p : r; Glud et al. 2008) , but the demand by heterotrophs and autotrophs for water column DON decreased. The dark efflux of DON associated with either the grazing of BMA at high net productivities or the hydrolysis product of fresh phytodetritus also contributed to the decrease in net DON flux with increasing p : r. Sediment p : r has also been shown to be an important control on net N 2 fluxes Ferguson 2002, 2005) , but unfortunately the data required for this assessment were not available because of bubble formation associated with the highly productive sediments. The best overall predictor of the total benthic N flux (net DIN + DON + dark N 2 ) was the remineralized C : N ratio (r 2 5 0.79; p , 0.01; Figure 9D ), a proxy for the quality of OM. This relationship is driven by the control of pore-water N availability on both the uptake of water column DON and coupled nitrification-denitrification. When smaller amounts of low-quality OM were mineralized prespawning there was little net release of N from the sediments (Fig. 9D) . N was tightly recycled and conserved prespawning, with any loss via N 2 offset by an uptake of DON. The large episodic input of medium-quality (C : N 15.9) OM post-major spawning results in a decrease in the uptake of DON due to a higher availability of pore-water NH z 4 and a net loss of N, mostly as N 2 , from the sediment (Fig. 9D) . When high-quality, low-C : N (Redfield) phytodetritus was mineralized there was no uptake of DON and a large loss of N via denitrification (Fig. 9D) .
Influence of the stirring gradient on benthic fluxesRecent modeling has suggested that N 2 may be flushed out of the permeable sediments when advective flow rates are . All of the nitrogen flux rates were directly measured except ammonification and BMA assimilation. Nitrogen deposition rates are derived from Wild et al. (2008) . Ammonification rates were calculated from benthic O 2 consumption rates (Glud et al. 2008 ) and the C : N ratio of the most likely depositing organic matter (see Discussion). BMA assimilation flux rates were calculated from the net benthic production rates and a C : N uptake ratio of 6.6 : 1. The sediment PN pool was also measured. The other sediment pools were calculated as follows: DON 5 20 mmol L 21 (Burdige and Zeng 1998) 3 porosity 3 sediment volume (1 3 10 5 cm 3 ); NH z 4 5 10 mmol L 21 (Williams et al. 1985; Capone et al. 1992) 3 porosity 3 sediment volume; NO { increased (Cook et al. 2006) . If there is a concentration gradient and percolation is induced a similar ''washout'' will occur with other solutes (i.e., NH z 4 , NO { 3 , DON, DIP) so the changes in flux rates with changing advective flow rates (Fig. 4 ) may be associated with either changes in biogeochemical processes or artifacts induced by nonsteady-state interstitial flow patterns and solute distribution. However, there is some evidence to suggest that some of the flux rate changes may be due to changes in biogeochemical processes. For example, the increasing uptake of DON and DIP in the light with increasing stirring rate (Figs. 2, 3) corresponds to an increase in benthic production (Glud et al. 2008 ), most likely due to assimilation of DON and DIP by BMA (as previously discussed). It is possible that the increase in N 2 effluxes with increasing advective flow was due to the increased downward transport of oxygen and enhanced coupled nitrification-denitrification, although modeling suggests that coupled nitrification-dentrification may decrease with increased flushing in sandy sediments because of the lack of anoxic denitrification sites (Cook et al. 2006) . The large uptake of N 2 in the diffusive chambers on day 7 post-major spawning is difficult to explain and is most likely associated with a transient shift in interstitial solute distribution after a reduction in pore-water flow (Cook et al. 2006) . Alternatively, the sediment microbial community may be starved of nitrogen with no advective flow and become net N fixing.
N and P budgets were constructed for the pre-, 1 to 3 d post-, and 4 to 5 d post-major spawning periods (Fig. 10) . The most obvious outcome of the N budgets is that they do not balance with a larger uptake of N by BMA than can be explained by the inputs. This is most easily explained by nonsteady state induced by the chambers in the sandy sediments; steady state is an essential criterion for a balanced budget (Eyre and McKee 2002) . However, there is some evidence to suggest that the system may have been close to steady state. For example, the measured rates of deposition of OM provided a reasonable balance to the estimated ammonification rates (Fig. 10) . Alternatively, the N budget could be balanced if a C : N uptake ratio of 40 : 1 was applied to the net benthic production rates (see brackets in BMA assimilation term, Fig. 10 ). This may be reasonable as tropical BMA have a high production ratio of high C : N EOC because of high irradiance and low nutrient availability, particularly in coral sands (Underwood 2002) , although such a high production of EOC is less likely for dinoflagellates that dominated the benthic bloom (Glud et al. 2008) . Balanced or unbalanced, the N budgets are the most detailed constructed for coral reef sediments and as such, they provide several new insights into the benthic cycling of N in these systems.
During all three periods remineralized N and the N pools were rapidly recycled on a timescale of hours, with much of the N either lost via coupled nitrification-denitrification or assimilated by BMA (Fig. 10) . Prespawning ammonification rates were also similar to the upper rates measured in other studies in coral reef sands and muds (Williams et al. 1985; Capone et al. 1992; Alongi et al. 2006) , but the postspawning ammonification rates were much higher, reflecting the large episodic input of labile carbon (and N). The rapid response of BMA and denitrification to the increased supply of N post-major spawning illustrates that N was a limiting factor for both these pathways. Intense grazing of BMA by holothurians post-major spawning (pers. obs.) and rapid turnover (1 to 2 d) of the BMA N pool (Fig. 10) suggest that a large proportion of the assimilated N is removed via grazing. Previous studies in coral reef sands and muds have also highlighted the rapid turnover of N pools (Capone et al. 1992; Alongi et al. 2006) and the dominance of BMA assimilation (Miyajima et al. 2001) . Rates of N assimilation by BMA were much higher than previous studies in coral reef sediments (Miyajima et al. 2001) . Our work in particular has highlighted the importance of denitrification, which has previously probably been underestimated in coral reef sediments. Our work has also highlighted the importance of DON fluxes across the sediment-water interface, which were quantitatively very significant prespawning, and could account for 68% of the N needed for coupled nitrification-denitrification and over 100% of the N assimilated by BMA (balanced budget). Post-major spawning DON fluxes across the sediment-water interface were quantitatively a less significant component of the benthic N budget, but could still account for 29% of the N assimilated by BMA (balanced budget). DIN fluxes across the sediment-water interface were an insignificant component of benthic N cycle. N fixation was also quantitatively very significant prespawning, and could account for 49% of the N needed for coupled nitrification-denitrification and over 100% of the r Fig. 11 . Benthic phosphorus budgets for the upper 10 cm of sediment in the Heron Island reef lagoon (A) prespawning, (B) 1 to 3 d post-major spawning, and (C) 4 to 5 d post-major spawning. Fluxes: mmol m 22 d 21 P; pools: mmol m 22 P. All of the phosphorus flux rates were directly measured except BMA assimilation. N : P ratios of 20, 16, and 16 for the prespawning, 1 to 3 d post-major spawning, and 4 to 5 d post-major spawning, respectively, were applied to nitrogen deposition rates (Wild et al. 2008) to estimate phosphorus deposition rates. A C : P ratio of 106 was applied to the benthic production rates to estimate BMA P assimilation rates. Bioavailable P flux equals the budget deficit 6 error. The sediment PP pool was also measured. The other sediment pools were calculated as follows: DOP 5 2.0 mmol L 21 (estimate) 3 porosity (0.55) 3 sediment volume (1 3 10 5 cm 3 ); DIP 5 1.0 mmol L 21 (Suzumura et al. 2002) 3 porosity (0.55) 3 sediment volume; BMA 5 measured Chl a (Glud et al. 2008 ) 3 30 (Chl a : C) divided by 106 (C : P); grazing 5 phosphorus assimilation minus change in biomass.
N assimilated by BMA (balanced budget). Similar to DON, N fixation became a quantitatively less significant component of the benthic N budget post-major spawning.
The most striking feature of the P budgets is the high demand by BMA that is not supported by uptakes of DIP or DOP across the sediment-water interface, pore-water P, or remineralized P (Fig. 11) . Suzumura et al. (2002) also found that the P demand of BMA in coral reef sediments in Japan was up to two orders of magnitude greater than could be supplied by sediment-water fluxes of DIP (DOP was not measured) or pore-water P. In contrast, the P requirements of BMA in Tikehau Atoll were met by remineralized P (Charpy and Charpy-Roubaud 1988) . In the absence of other P sources, benthic production was most likely supplied by the sediment pool of bioavailable P (Entsch et al. 1983; Suzumura et al. 2002) . It is most likely this large pool of bioavailable P in the sediments that drives potential N limitation of benthic coral reef communities. The benthic community may ultimately be P limited on geological timescales because it can replenish N via N fixation, but on shorter timescales it is N limited because of the large pool of bioavailable P in the sediments. This was illustrated immediately post-major spawning with the P demand from increased benthic production, stimulated by N from the spawning material, met from the bioavailable P in the sediments (Fig. 5) . There was sufficient bioavailable P stored in the top 10 cm of the sediment column to sustain the prespawning rates of benthic production for over 200 d. The sediment pool of P in turn must be replenished by the deposition of particulate organic (e.g., zooxanthellae, turf algae, mucus, phytodetritus, coral spawning material) and inorganic (e.g., coral fragments) P. However, because of the large pool of bioavailable P in the sediment, the input of P via the deposition of coral spawning material and associated phytodetritus results in only minor changes to P cycling in the sediments. This contrasts with sediment N cycling, which showed dramatic changes after coral spawning due to smaller bioavailable pools in the sediment and potentially N-limited benthic communities.
